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Abstract 
Rail bearing maintenance is a significant cause of expense within the railway industry. In order 
to be able to better characterise wheel bearing wear development in rail vehicles, an 
investigation into the key rail vehicle dynamic scenarios and the subsequent variations in 
applied bearing loads within normal operation has been conducted. The work includes the 
development of a dynamic model that determines the variation in loading applied to a rail 
vehicle’s bearings during normal operation. This model is based on load changes that occur 
due to vehicle cornering, acceleration and braking. A geographic survey of Brisbane’s Ipswich 
to Roma St railway line has been conducted, and the velocity evolution of a passenger train 
navigating the line has been determined using a conservative “perfect-driver” model. A 
subsequent simulation of dynamic bearing load variations has been implemented, based on 
an IMU160 passenger train unit traversing the given track section. It was found that the 
bearing load variation due to vehicle dynamics is significant along this section of track; it was 
found that the bearing load increased by as much as 19%. This result indicates that the 
development of mild wear in bearings could see a corresponding proportional increase. It is 
recommended that the found bearing applied load variations are used within a simulation of 
mild wear in order to quantify this relationship. 
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Chapter 1: Project Introduction 
1.1 Introduction 
Rail bearing maintenance is a significant cause of expense within the rail industry, which can 
be attributed to the high number of axles used in a given train network. Given the significance 
of bearing lifetime on maintenance requirements, it is important to understand and be able 
to predict this lifetime. The modelling of wear growth and life of ideal roller bearings has been 
investigated for decades, but this modelling has rarely been applied to spherical roller 
bearings, used prolifically in rail. 
The load conditions applied to rail vehicle bearings are unique, and require special 
consideration when modelling. Specifically, there can be significant variations in loading and 
load distribution when a rail vehicle is cornering, accelerating, braking, or undergoing 
internally or externally-applied vibrations during normal operation.  
Due to the unique variations in the loading of rail bearings, a simple static-load based wear 
model is unlikely to attain the same accuracy as one that takes these load variations into 
consideration. 
1.2 Project Aim 
The aim of this project is to determine and model the important parameters and scenarios 
associated with rail vehicle dynamics and subsequent load variations within normal operation. 
It is intended that the outcome of this work will prove useful to rail maintenance engineers, 
who will be able to assess bearings individually and more accurately predict expected lifetimes 
under known operating conditions – increasing the efficiency with which they operate. 
1.3 Project Objectives 
1. To undertake a literature review that contains an assessment of existing bearing wear 
modelling techniques including simulations, as well as existing rail dynamic theory. 
This will ensure the subsequent work is well-grounded in known theory, and doesn’t 
repeat the previous work of others, thereby ensuring an original contribution to the 
field. 
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2. Develop a suitable theoretical dynamic model that is able to determine the variation 
in applied loading of spherical roller bearings in rail vehicles. 
This model will be based on the previous theory, and incorporate the various dynamic 
conditions simultaneously. 
3. Implement the dynamic model using MATLAB, including validation of the results of a 
given load case. 
The model should be implemented such that it can be used iteratively, in order to allow 
for the next objective. Validation will be required in order to ensure accuracy. 
4. Determine the real-world load variation of a rail vehicle driving Brisbane’s Ipswich to 
Roma St rail line 
This will be approached utilising the previously developed model in conjunction with 
parameters formed through an assessment of the rail line. This should also include an 
assessment of the accuracy of each obtained parameter, with the aim to be as accurate 
as possible. 
5. Write a final report on this topic, that covers all stages of the project, including 
methods, findings, and recommendations. 
1.4 Project Scope  
This project is limited by time and resource constraints, with this in mind, a suitable scope has 
been set in order to focus the work and obtain a useful result. The scope of the work is as 
follows: 
 The scope of this project is to determine an accurate estimation of the real load 
variations over a single rail line. More than one rail line is not covered within this 
investigation.  
 The scope of the dynamic model is limited by the models chosen, as well as the 
development time constraints. The project will consider the simplest model’s effects 
first, so as to ensure a result, then incorporate more complex models incrementally. 
 The dynamic model will consider only vertical bearing load variations; transverse 
loadings will not be considered. 
 The dynamic model will be developed based on a single rail vehicle unit, so as to 
simplify the parameters used.  
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 The validation and comparison of the model to real rail dynamics will be included in 
the investigation, in order to ensure a useful result. 
1.5 Overview of the Thesis 
This thesis aims to build upon previous work in the fields of rail vehicle dynamics and bearing 
wear modelling. Therefore, the first step in undertaking this project is to research existing 
knowledge and progress in each field. This research is to be synthesised into a cohesive 
mathematical model, that will then be validated theoretically. The model is then to be applied 
to a real-world section of track, utilising both practical and computational methods. It is 
expected that mapping the track section can be achieved using existing electronic mapping 
software, while vehicle dynamic samples will be obtained experimentally as a passenger. Once 
the track section and required train dynamic parameters have been obtained, the load 
variation along the section of interest is to be simulated. 
This thesis will include the following chapter contents: 
Chapter 2: An overview of the background knowledge associated with the work of this 
thesis. This includes details of the investigation into the background and 
previous research in the fields of rail vehicle dynamics and bearing wear 
simulations via a Literature Review. An overview of the chosen bearing wear 
model and the relationship to vehicle dynamics is also provided. 
Chapter 3: A detailed record of the methodology used in this investigation. Describes the 
railway line mapping and vehicle dynamic modelling parameter development. 
Further, includes a description of the development of the dynamic model, 
including the cornering and accelerating/braking models. 
Chapter 4: This chapter details the results obtained from the prior methodology, and 
includes discussion regarding the validity and implications of the resulting data. 
Chapter 5: A review of the findings and recommendations of the work, with an overview 
of further work to be conducted and conclusions from the research. 
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1.6 Conclusion 
Rail vehicle dynamics and subsequent load variation are to be characterised, in order to 
determine the associated relationship with wheel bearing wear development. This work is 
intended to help rail maintenance personnel develop more accurate simulations of spherical 
roller bearing wear as seen in rail transport vehicles. The following chapter goes on to detail 
the background in both vehicle dynamics and wear simulation, in order to inform the approach 
of the investigation.  
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Chapter 2: Background and Literature Review 
2.1 Introduction 
Bearing technology has been well-documented, for example in both Essential Concepts of 
Bearing Technology and Advanced Concepts of Bearing Technology by Harris & Kotzalas 
(2006). These works cover bearing geometry, applied and internal load distribution, failure 
and damage modes, functional performance, and structural materials of many types of rolling 
bearings. The extensive, well-supported coverage of bearings in these volumes, however, 
doesn’t cover bearing wear modes, instead opting for a statistical fatigue life model based on 
bearing preloading and deflection, deformation, and static capacities of bearings. This 
approach is reflective of typical bearing life management, which largely utilises condition 
monitoring and expected lifetimes (Chatterton, et al., 2015), without considering bearing wear 
processes explicitly.  
The consideration of bearing wear processes within the maintenance strategy allows for the 
explanation of reduced/increased lifetimes, or more accurate prediction of expected lifetimes, 
without the need for historical data (Telliskivi & Olofsson, 2004). Halme & Andersson (2010) 
cover the state-of-the-art of rolling contact fatigue and wear fundamentals for rolling 
bearings; within which they highlight that the present calculation procedures for rolling 
contact fatigue don’t consider, among other things, strong external vibrations during 
operation or standstill. It is also noted within this text that in the case of a bearing that is 
subjected to wear instead of rolling contact fatigue, the lifetime cannot be mathematically 
predicted on a purely statistical basis. 
2.2 Bearing Wear Simulations 
The propagation of mild wear in boundary-lubricated spherical roller thrust bearings has been 
previously simulated by Olofsson, Andersson, & Bjorklund (2000), using Archard’s wear law 
and an iterative model that simulates changes in surface geometry due to wear. Based on an 
applied loading and bearing geometry, the model calculates the normal load distribution, 
tangential tractions, and sliding distances on arbitrary slices of individual rolling cylinders. 
These are then used in Archard’s wear formulation to determine the effects on surface 
geometry. The simulation achieved very good agreement with experimental results from a 
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bearing that was run for 200 and 800 hours; though it was still suggested that room for 
improvement exists by considering inter-slice interactions within the model. This model 
informs the approach of this investigation; it is shown that determining the variation in applied 
loading of a bearing will allow a variation in wear to be established. This model is discussed in 
further detail in Chapter 2.4  
A number of further rolling element bearing wear models have been developed; Nilsson, 
Dwyer-Joyce, & Olofsson (2006) developed a model of the abrasive wear process in rolling 
bearings caused by lubricant-borne particles, based on soft and hard particle entrapment, and 
bearing sliding distance, as well as their own experimental results. The prediction obtained via 
the model was found to compare qualitatively well with observed form change on the bearing 
surface. Rodríguez-Tembleque, Abascal, & Aliabadi (2010) have explored a numerical 
boundary element formulation for 3D wear simulation of fretting, sliding wear, and rolling 
contact problems using the Holm-Archard relation for adhesive wear. The results obtained 
exhibited very good agreement with the previous numerical and semi-analytical results found 
in literature. El-Thalji & Jantunen (2015) developed a dynamic model of wear evolution in 
rolling bearings that considers the topological and tribological changes over the bearing’s 
lifetime, as well as the interaction between different wear mechanisms. This model 
considered the various stages of wear evolution, and found a good correlation between the 
simulated and experimental dynamic response of test ball bearings under the wear process 
over the whole lifetime.  
Each of these wear development models considers the bearing to be in static loading 
externally, and addresses only the impact of wear upon the static pressures within the 
bearing. It is of interest, therefore, to quantify the effect of vehicle dynamics on the wear 
development within a bearing, so as to be able to better predict the wear rate under known 
loading conditions. 
2.3 Rail Vehicle Dynamics 
Rail vehicle dynamics have been studied extensively in the literature; Iwnicki, et al. (2006) 
covers the topic comprehensively; including the anatomy of railway vehicle running gear, the 
wheel-rail contact problem and associated tribology, railway vehicle derailment, longitudinal 
train dynamics, noise and vibration of railway vehicles, simulation, and field, rig, and scale 
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testing of railway vehicles. These concepts are built upon to form a designer’s reference in the 
work of Spiryagin, et al. (2014), additionally covering design of locomotives and unpowered 
rail vehicles, general modelling techniques, and basic and advanced simulation concepts and 
their methodologies. Each of these works have been written and edited by leading experts in 
the field of rail vehicle dynamics, ensuring that the content is a reliable reference. It can be 
concluded that the concepts associated with rail dynamics are generally well-understood. 
Rail dynamics have previously been modelled and simulated, such as in the work of Craciun, 
Cruceanu, & Spiroiu (2015), which discusses the generation of a simulation to determine the 
influence of the braking process of a railway vehicle on the vertical loads applied. The paper 
develops a theoretical model of vertical load variation based on classical dynamics theory, and 
then applies experimentally-found braking forces to a simulation in order to determine the 
pitching effects and load variation. This paper also makes a number of simplifying assumptions 
within the constraints of the simulation prior to the generation of the model, which are 
discussed and well-justified within the text. This work is of particular relation to the goals of 
this thesis, as the variation in load due to acceleration and braking is a primary goal of this 
body of work. 
A further dynamic model of note is that developed by Meehan, Batten, & Bellette (2015), 
which describes the variation in applied loading at the wheel-rail interface of a rail vehicle 
navigating a corner. The developed model is a simple, two-degree-of-freedom analysis, that 
takes into account turn and vehicle geometry and dynamics. This model is to be the first used 
in analysing vehicle dynamic load variation as part of this thesis work, and as such, will be 
covered in detail in the relevant chapter. 
Further railway simulations have been conducted by others, Spiryagin, et al. (2014) covers a 
number of notable multibody rail vehicle dynamics software packages, such as NUCARS, 
GENSYS, VAMPIRE, ADAMS/Rail, and SIMPACK, among others. 
While it can be seen that the dynamics of rail systems have been well-modelled, wear 
simulations with regard to vehicle dynamics tend to focus on the wheel-rail contact of the rail 
vehicle system, in order to simulate effects such as wheel wear or corrugation growth; this 
approach can be seen in Meehan, Batten, & Bellette (2015), and Telliskivi & Olofsson (2004) 
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for example. The approach of modelling the inherent dynamics in the rail system and the 
effects on the wear growth of the spherical roller bearings is therefore a novel one. 
 
2.4 Overview of the Wear Model 
The bearing wear model developed by Olofsson, et al. (2000) informs the direction of this 
investigation, and is therefore of importance as the foundation for this work. A brief overview 
of this work follows. The model investigates mild wear in boundary lubricated spherical roller 
thrust bearings by first dividing the contact analysis of a roller and housing/shaft into three 
smaller analyses; a normal contact analysis, a tangential contact analysis, and a sliding 
distance calculation based on the previous two steps. Note that both the normal and 
tangential contact analyses are determined using a set applied loading. In the model, the given 
bearing roller is divided into a number of “slices”; segments of equal length that are aligned 
parallel to the roller’s radial plane. Figure 1 shows a sketch of the contact model; in this figure 
Σ𝑝𝑖  and 𝑝𝑖  indicate total and individual slice applied loading, respectively, 𝛿 and 𝛿𝑖  indicate 
total and slice-based deflection, while 𝐿 and 𝑙 indicate total and contact lengths, respectively.  
 
Figure 1 - Sketch of the Contact Model (Olofsson, et al., 2000)  
The sliding distance found is then used in conjunction with Archard’s wear law (Archard, 
1953); this law indicates that wear is proportional to sliding distance. This wear law is shown 
as Equation 2.1, below. 
ℎ𝑖 = 𝑘𝜎𝑖|𝑔𝑖|      (2.1) 
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In this equation, hi is the wear depth for a given slice, k is a dimensional wear coefficient 
representing the wear depth per unit sliding distance per unit normal pressure, 𝜎𝑖 denotes the 
mean contact pressure of the slice, and 𝑔𝑖 shows the sliding distance per slice. Mean contact 
pressure is found using the relation shown in Equation 2.2. 
𝜎𝑖 = 𝑝𝑖/(2𝑎𝑖)      (2.2) 
In this equation, 𝑎𝑖 is the Hertzian semi-contact width, calculated previously as part of the 
normal load distribution analysis. 
The sliding distance is also shown to be related as shown in Equation 2.3, below.  
𝑔𝑖 = 2𝑎𝑖|ξi|      (2.3) 
In this equation, 𝜉𝑖 represents the creep ratio of a slice, determined as part of the tangential 
contact analysis. Combining Equations 2.1, 2.2, and 2.3, it is shown that the increase in wear 
depth for a given wear cycle for a spherical roller thrust bearing with 𝑚 rollers undergoing 𝑁𝑟 
revolutions is given by Equation 2.4. 
Δℎ𝑖 = 𝑁𝑟𝑚𝑘𝜎𝑖|𝑔𝑖| =  𝑁𝑟𝑚𝑘𝑝𝑖|𝜉𝑖|      (2.4) 
Equation IV shows that the wear depth of the modelled bearing is directly proportional to the 
loading applied to the same bearing. It is this result that informs the motivation behind this 
body of work. 
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Chapter 3: Methodology 
3.1 Rail Mapping and Velocity Development 
Prior to the simulation of real rail vehicle dynamic load variation, the relevant input 
parameters for the developed model were required to be found. Based on the key parameters 
of interest noted in Chapter 3.2, the railway geometry and vehicle velocity needed to be 
determined for the railway line of interest. Train mass and geometry would then follow, based 
on the specifications of the vehicles traversing the given line. For this component of the 
investigation, Queensland Rail’s Brisbane rail lines were arbitrarily chosen to be the railway 
network of focus. The line was to be studied between the Ipswich and Roma Street Railway 
Stations, following the standard commuter railway line. This line is shown in Figure 2. 
 
Figure 2 - Ipswich to Roma St Railway Line, Brisbane, QLD, Australia (Google, 2016) 
3.1.1 Railway Mapping 
In order to map the Ipswich to Roma St line, Google’s Google Earth (Google, 2016) was utilised. 
While mapping the line, the custom map overlay developed by Loetzsch (2016) was used, 
allowing the display of Google Maps (Google, 2016) content in the Google Earth main display. 
This displayed the railway tracks in a map view, so that the line wasn’t obstructed by 
geographical features; as can be the case for satellite images. 
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Google Earth’s inbuilt pathing tool was used to create a continuous, sequential path along the 
Ipswich to Roma St line, with an approximate resolution of one point every 30-50m. This tool 
captures the latitude and longitude, as well as elevation, of every point, resulting in a list of 
latitude and longitude values along the line. The path can then be directly copied into a 
Microsoft Excel (Microsoft, 2015) workbook, which displays the source code for the path that 
has been traced. Among the code, there is a full display of the longitude, latitude, and 
elevation co-ordinates for each path point, in sequential order (see Figure 3). Due to the size 
of this data, it can be split into a number of lines – these are to be joined later. 
 
Figure 3 - Path Source Code Obtained from Google Earth, as pasted into Microsoft Excel. Note lines 58 and 59, displaying 
sequential path co-ordinates 
The relevant cells, those containing the path co-ordinates, were then copied into their own 
sheet, and Microsoft Excel’s inbuilt “Text to Columns” function was used on each cell. This 
data was treated as delimited data, with spaces being used to delimit. This results in each co-
ordinate triplet being stored in its own cell. Note at this point, the data was manually altered 
to clean up errors caused by co-ordinates being broken over multiple lines. Additionally, the 
full data was cut and pasted such that it was now stored as a single row. By copying the full 
line of data, Microsoft Excel’s built in “Transpose” function was utilized to store each co-
ordinate triplet on its own row, then the “Text to Columns” function was utilised again, with 
commas as delimiters, to separate the data into three columns, representing longitude, 
latitude, and altitude, respectively. This process of data treatment is shown in Figure 4 as a 
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graphical overview. Note that the altitude data column was deleted, as this data cannot be 
considered accurate based on the pathing methodology alone, and is also not required for the 
analysis. 
 
Figure 4 - Overview of Path Co-Ordinate Data Treatment. A. Data is Pasted. B. Data is Separated Using "space" Delimiter. C. 
Data is Transposed via "Paste Special - Transpose" Function. D. Data Separated Using "comma" Delimiter. 
With the data treated as above, the Microsoft Excel file was saved as a single-sheet .xlsx file 
onto the local machine. The data was then imported into Matlab R2013a (The Mathworks, 
Inc., 2013) using the built-in import tool. This data was imported as two separate variables, 
comprised of one column vector each, and titled Latitude and Longitude, respectively. These 
two variables make up the railway line geometry input, from which turn radii are obtained. A 
plot of the two variables is shown as Figure 5; this plot was also used to verify the approximate 
shape of the line and data treatment up to this point, through a visual comparison with the 
satellite map shown in Figure 2. 
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Figure 5 - MATLAB Plot of Path Latitude & Longitude Co-Ordinates 
3.1.2 Obtaining Turn Radii 
In order to transform the data to a more useful form, the latitude and longitude co-ordinates 
were transformed to linear units. This was achieved using the below approximations for 
latitude and longitude conversions displayed as Equations 3.1 and 3.2, respectively.  
𝐿 =  111132.92 − 559.82 cos(2𝜑) + 1.175 cos(4𝜑) − 0.0023cos (6𝜑) 
𝐿 =  111412.84 cos(𝜑) − 93.5 cos(3𝜑) + 0.118 cos(5𝜑) 
In Equation 3.1 and Equation 3.2, 𝐿 is the length in metres of a degree of latitude or longitude, 
respectively. This approximation was derived based on the WGS84 spheroid, and gives 
estimates that are correct to within a centimetre (Wikipedia, 2016).  
Using a MATLAB function, each of the co-ordinates from Chapter 3.1.1 were evaluated such 
that the rail line was converted to a set of unique x and y co-ordinates, with the first point 
(Ipswich Railway Station) located at the origin of this co-ordinate system. The function also 
(3.1) 
(3.2) 
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evaluated the length between each consecutive set of points, as well as a running tally of the 
total line length.  
With a linear system of co-ordinates, the radius of the turn at each point was to be 
approximated. This was achieved using the following step-by-step method.  
1. Firstly, the gradient between each set of sequential points was found. 
2. The equation of the tangent line between each point pair was then derived. 
3. The (x,y) co-ordinates of the mid-point between each point pair was calculated. 
4. The equation of the normal, based at the found (x,y) co-ordinates was obtained for 
each set of points. 
5. The point of intersection between each pair of normal equations was determined. 
6. The length of each normal was calculated, giving an approximate radius for the co-
ordinates between each point on the path. 
7. The two approximate radii were averaged, giving an approximate radius for each point 
along the rail line path. 
 
Figure 6 - Co-ordinate System for Obtaining Turn Radii 
A diagram depicting the co-ordinate system used to obtain these radii is shown as Figure 6. 
This diagram depicts generic points along the path as (𝑥𝑛, 𝑦𝑛), the normal between (𝑥1, 𝑦1) 
and (𝑥2, 𝑦2) as 𝑁1−2, and the approximate radius for point (𝑥2, 𝑦2) as 𝑅2. The equations to 
find these values are considered a matter of simple geometry, and have been intentionally 
omitted from this methodology. 
15 
 
3.1.3 Rail Velocity Development 
Obtaining an accurate rail vehicle velocity along the chosen rail line was attempted three 
separate ways; these were experimentally-obtained accelerometer-based integration for 
velocity, GPS position and time-based analysis, and a simulation-based approach.  
3.1.3.1 Accelerometer-Based Velocity Estimation 
The accelerometer-based velocity estimation was based on capturing accelerometer data 
whilst riding a passenger train from Ipswich to Roma St, then integrating that data to obtain 
accurate estimates of the velocity at any given time. The method of data capture was to use 
the Physics Toolbox Accelerometer android application from Vieyra Software (2016), running 
on a Sony Xperia Z5 smartphone. This application was used to record linear acceleration, with 
the smartphone secured and aligned in the train’s direction of motion as shown in Figure 7; 
the data was recorded as a .csv file. 
 
Figure 7 - Accelerometer Data Capture Experimental Setup (Note z-axis Aligned Out of Page) 
In order to integrate the data, the data handling method described in Camacho & Seifert 
(2007) was utilised. This method used the data manipulation sequence as follows: 
1. Data calibration, based on the average readings from a calibration test; this was a 
reading approximately 30 seconds long with the train in a stand-still position. 
2. A low-pass filter was applied via a rolling average of the last 20 data points; this was 
intended to remove mechanical and electrical noise, without significant changes in the 
captured data. 
3. A band-stop filter was applied to the data, for acceleration values between -0.05m/s2 
and 0.05m/s2; this is intended to account for the small residuals in acceleration found 
in a no-movement condition. 
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4. If the previous 50 acceleration measurements were found to be zero, a no-movement 
condition is assumed, and velocity for the data point is assumed to also be zero. 
5. The remaining accelerometer data was integrated to obtain a complete velocity 
estimation over the route. 
Note that while data in all three axes was captured, only the forward-facing data (y-axis) was 
required to determine the vehicle velocity. 
3.1.3.2 GPS-Based Velocity Estimation 
The GPS-based velocity estimation was conducted by using the android application GPS Logger 
for Android created by Mendhak (2016). The application records a GPS position and time, as 
well as the accuracy of the reading based on a cross-check from the data sent by the number 
of satellites that are used for the measurement. Readings within a certain accuracy are kept, 
the rest are discarded as erroneous. The Ipswich to Roma St rail line was traversed in both the 
southbound and northbound directions so as to obtain as much data as possible, with the 
application set up with settings as shown in Table 1. 
Table 1 - GPS Logger Performance Settings per Trial 
Performance  
Parameter 
Trial 1: 
Roma St to Ipswich 
Trial 2: 
Ipswich to Roma St 
Logging Frequency 6 Seconds 3 Seconds 
Distance Filter None (0) None (0) 
Accuracy Filter 60m 100m 
Location Providers GPS, Network GPS, Network 
Output File Types .csv, .kml .csv, .kml 
Based on the captured latitude, longitude, and time readings, the previously developed 
railway line co-ordinates were utilised to determine both the closest point at the reading, and 
the length between the two points on the rail line. This allowed the use of the difference in 
captured times between the two points to determine the average velocity of the vehicle. In 
this way, a velocity evolution was to be created along the entire total track length. 
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3.1.3.3 Simulated Velocity Evolution 
Based upon the inaccuracies observed in the previous velocity estimations, it was decided that 
the velocity was to be simulated so as to progress the work to the next stage and be able to 
accurately simulate load variation. The modelled velocity evolution would be based on the 
speed limits along the Ipswich to Roma St railway line, and simulate a rail vehicle that always 
travelled as fast as possible, whilst remaining under the speed limit. Additionally, all passenger 
railway stations along the route require the train to stop for a period of time, before 
continuing by accelerating. 
In order to know the speed limits along the rail line, Network Route Maps for the Ipswich to 
Roma St line were obtained, as provided by Queensland Rail (2016). These depict geographic 
point-of-interest-based directional speed limits along the line; a portion of one of these maps 
is shown in Figure 8. 
Based on the geographic points of interest, Google Earth was used to create a collection of 
placemarks. These placemarks record the latitude and longitude of a location, and can be 
individually named. The data for each of these placemarks, comprised of latitude, longitude, 
and speed limit, were imported into MATLAB after being collated via Microsoft Excel. Once 
imported, these location-based speed limit changes were mapped to the nearest point along 
the previously generated path geographic co-ordinates.  
Once the speed limits and locations of stations were known, the simulated rail vehicle was 
implemented, such that the vehicle’s acceleration and braking were aligned with the realistic 
values obtained from the accelerometer data via the method described in Chapter 3.1.3.1. 
Standard equations of motion were used to determine the vehicle’s velocity at any given 
point, based on the driver behaviour mentioned above. 
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Figure 8 - Ipswich to Roma St Network Route Map Sample (Queensland Rail, 2016) 
3.2 The Dynamic Model 
The dynamic model is a comprised of two separate, simple models; a dynamic cornering 
model, and a dynamic accelerating/braking model. Each of these models allow the 
determination of the variation in applied loading of a rail vehicle’s bearing during normal 
operation. By combining the two, the variation in loading due to vehicle dynamics on a rail 
vehicle bearing can be determined. Note that this combined model doesn’t incorporate the 
load variation based on shock loadings or vibrations, and determines instantaneous loadings 
only. 
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3.2.1 The Cornering Model  
The cornering model is based on the work of Meehan, et al. (2015). The model allows the 
determination of the vertical load variation at the wheel-rail interface of a cornering rail 
vehicle, due to geometry and train velocity. The vertical loadings are modelled as steady state 
or quasistatic forces. The variation in loading was determined by first evaluating a force 
balance of the cornering vehicle to determine the steady state wagon roll. This roll was then 
used to find the normal reaction forces through the wagon rails. 
 
Figure 9 - Wagon Roll, Rail Forces, and Associated Vehicle Parameters in Cornering (Meehan, et al., 2015) 
Figure 9 details the geometric and dynamic parameters used in this calculation. The train’s 
geometry, the heights of the bogie and roll centre from the wheel-rail contact height, and the 
height of the wagon centroid from the geometric roll centre, are denoted by ℎ𝑏, ℎ𝑟𝑐, and ℎ𝑤, 
respectively. The wagon and bogie are modelled with masses 𝑚𝑤 and 𝑚𝑏, respectively, with 
steady state normal forces denoted using 𝑃𝐻  and 𝑃𝐿 for the high and low rail normal forces, 
respectively. The rail geometry is defined by 𝛽 and 𝑟, respectively denoting the track angle of 
cant and turn radius. The vehicle’s velocity is assumed to be constant, and is shown as 𝑉. The 
angular deflection, 𝛼, is derived by balancing the moment forces developed by a cornering 
vehicle, and is calculated using Equation 3.3, shown below.  
𝛼(𝑉) = (𝑔ℎ𝑤β − V
2 ℎ𝑤
𝑟
) / (𝑔ℎ𝑤 −
𝑘𝑟𝑜𝑙𝑙
𝑚𝑤
)    (3.3) 
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In this equation, 𝑘𝑟𝑜𝑙𝑙 denotes rolling stiffness of the vehicle wagon about the geometric roll 
centre.  
Once the angular deflection of the carriage is defined, Meehan, et al. (2015), goes on to find 
an equation for 𝑃𝐻 and 𝑃𝐿, using a global force balance about the contact points on opposing 
rails. The result is shown as Equation 3.4. Note in this equation, 𝑤 denotes track width, while 
𝑚𝑡 indicates the total mass of the train. 
𝑃𝐿,𝐻(𝑉) = (
𝑚𝑡𝑔
2
∓
(𝑚𝑤ℎ𝑟𝑐+𝑚𝑏ℎ𝑏)𝑉
2
𝑟𝑤
) cos(𝛽) + (
𝑚𝑡𝑉
2
2𝑟
±
(𝑚𝑤ℎ𝑟𝑐+𝑚𝑏ℎ𝑏)𝑔
𝑤
) sin(𝛽) ∓
𝑘𝑟𝑜𝑙𝑙𝛼(𝑉)
𝑤
 (3.4) 
It is noted by Meehan, et al. (2015) that the normal forces on the low and high rails are 
dominated by the first terms of their respective equations; this calculates the half-weight of 
the train plus or minus the relevant load transfer due to the induced centrifugal tipping torque. 
This first value increases with speed. The second term is a correction due to track cant, and 
the third accounts for the effect of the wagon centroid above the roll centre, adjusted for the 
angular deflection of the wagon.  
In order to adapt this model such that the forces at the bearing were calculated instead of the 
forces at the wheel-wail interface, ℎ𝑏  and ℎ𝑟𝑐  were adjusted to measure the height to the 
bogie and roll centre from the bearing centre height, respectively. These adjusted terms are 
denoted ℎ𝑏
′  and ℎ𝑟𝑐
′ . This adjustment preserves the derivation of these values, and therefore 
the integrity of the model, but allows the force at the vehicle’s bearing height to be calculated. 
Additionally, due to the fact that the load at each of the bearings on the high or low rail side 
is required, the total loading on a given rail is required to be divided by a factor of 4. The model 
was also corrected, as through the use and validation of this equation, it was discovered that 
Equation 3.4 does not correctly calculate a lever arm distance; the term 𝑚𝑤ℎ𝑟𝑐 should in fact 
read 𝑚𝑤(ℎ𝑟𝑐 + ℎ𝑤) to account for this lever correctly. This leads to the adapted Equation 3.5, 
shown below. 
𝑃𝐿,𝐻(𝑉) =
1
4
[(
𝑚𝑡𝑔
2
∓
(𝑚𝑤(ℎ𝑟𝑐
′ +ℎ𝑤)+𝑚𝑏ℎ𝑏
′ )𝑉2
𝑟𝑤
) cos(𝛽) + (
𝑚𝑡𝑉
2
2𝑟
±
(𝑚𝑤(ℎ𝑟𝑐
′ +ℎ𝑤)+𝑚𝑏ℎ𝑏
′ )𝑔
𝑤
) sin(𝛽) ∓
𝑘𝑟𝑜𝑙𝑙𝛼(𝑉)
𝑤
]          (3.5) 
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Equation 3.5 shows that the relevant parameters in determining individual bearing applied 
loadings are the train’s mass and geometry, track geometry including cant angle and radius, 
and the vehicle’s forward velocity at the time of evaluation. 
In order to estimate the angle of cant, track cant has been estimated such that the vehicle is 
in a position of rotational balance. In a real-world application, it is likely that the track operates 
with a cant deficiency, such that a greater speed of navigation is allowed; however, the 
estimation of a vehicle navigating the curve in a balanced state is a reasonable simplification 
for this analysis (Marquis, 2015). The ideal cant based on vehicle speed and velocity is found 
as shown in Equation 3.6, below.  
𝐸𝑎 =  
𝐺𝑉2
𝑔𝑅
 
In Equation 3.6, 𝐸𝑎 is the ideal cant of a track, 𝐺 is track gauge, 𝑉 is vehicle velocity, 𝑅 is turn 
radius, and 𝑔 is gravitational acceleration. From this ideal cant distance, the angle of cant can 
be simply determined utilising known track gauge and geometric relations. 
3.2.2 The Accelerating/Decelerating Model  
The model for load variation at a rail vehicle’s bearings during accelerating or decelerating has 
been previously developed by Craciun, et al. (2015). The model develops equations for the 
load transfer based on the developed inertias caused by a vehicle undergoing a braking action. 
It can be seen that this derivation is also valid for the case where the vehicle is accelerating, 
by simply treating it as a negative braking action. Figure 10 shows the force diagram and 
vehicle parameters referenced in this model’s development. 
(3.6) 
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Figure 10 - Forces Acting on a Rail Vehicle during Braking (Craciun, et al., 2015) 
The model is derived by Craciun, et al. (2015) first by applying a deceleration to the carriage 
of the rail vehicle, and finding the carriage’s subsequent angle of rotation. Equation 3.7 shows 
the calculation of this angle, based on the acceleration being applied at the carriage centre of 
mass and inducing a moment about this point. The applied moment is resisted by the vehicle’s 
secondary suspension components, denoted individually as 𝑘𝑖𝑗.  
𝜑𝑦𝑐 =
𝑚𝑐?̈?(ℎ𝑐 − ℎ𝑝)
∑ ∑ 𝑘𝑐𝑖𝑗(𝑥𝑐𝑖𝑗 − 𝑥𝑐0)
22
𝑗=1
2
𝑖=1
 
      
In Equation 3.7, 𝑥𝑐𝑖𝑗  and 𝑘𝑐𝑖𝑗  indicate the x-coordinate and stiffness of the secondary 
suspension points, respectively, 𝑚𝑐  denotes the mass of the carriage, 𝑥𝑐0  indicates the x-
coordinate of the carriage centre of mass, ?̈? denotes the applied acceleration or braking force, 
and ℎ𝑐  and ℎ𝑝  indicate the height to the centre of mass and the bogie-vehicle connection 
points, respectively. For a railway vehicle equipped with two-axle bogies, with both elastic and 
geometric symmetry, it is assumed that: 
𝑘𝑐 = 𝑘𝑐𝑖𝑗 , 𝑖 = 1, 2 , 𝑗 = 1, 2 
𝑥𝑐11 = 𝑥𝑐12 = 𝑥𝑐1, 𝑥𝑐21 = 𝑥𝑐22 = 𝑥𝑐2 
Where 𝑥𝑐1 is the x-coordinate of the front set of secondary suspension carriage connection 
points, in the direction of vehicle travel, and 𝑥𝑐2 is the coordinate of the rear set. 
(3.7) 
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From Equation 3.7, the induced variation in the vertical loads caused by the carriage’s rotation 
can be found with Equation 3.8a and 3.8b, below. 
Δ𝑃𝑐𝐼 =  −2𝑘𝑐(𝑥𝑐1 − 𝑥𝑐0)𝜑𝑦𝑐          (3.8a) 
 Δ𝑃𝑐𝐼 =  2𝑘𝑐(𝑥𝑐1 − 𝑥𝑐0)𝜑𝑦𝑐                 (3.8b) 
With the wheelbase of the vehicle carriage denoted as 𝑎𝑣, and with the assumption that: 
𝑥𝑐0 =
𝑎𝑣
2
, 𝑥𝑐1 = 0, 𝑥𝑐2 = 𝑎𝑣  
the load variations in the bogie-box connection points can be written as shown in Equation 
3.9.  
Δ𝑃𝑐𝐼 = −Δ𝑃𝑐𝐼𝐼 =
𝑚𝑐?̈?(ℎ𝑐 − ℎ𝑝)
𝑎𝑣
 
     
In a similar derivation to that in Equation 3.7, the rotation angle of each bogie body can be 
determined, based on the inertial force inducing a rotational force in the bogie body, as well 
as at the level of the sprung part of the bogie. This force is again resisted, in this case by the 
vehicle’s primary suspension components. The relation for this angle is shown as Equation 
3.10, below. 
𝜑𝑦𝑏 =
𝑚𝑏?̈?(ℎ𝑏 − ℎ0) +
1
2 𝑚𝑐?̈?(ℎ𝑝 − ℎ0)
∑ ∑ 𝑘𝑏𝑖𝑗(𝑥𝑏𝑖𝑗 − 𝑥𝑏0)
22
𝑗=1
2
𝑖=1
 
In Equation 3.10, 𝑚𝑏  denotes the mass of the sprung part of the bogie, ℎ𝑏  and ℎ0  are the 
heights to the centre of mass of the bogie and the centre of the axle, respectively, 𝑘𝑏𝑖𝑗 and 
𝑥𝑏𝑖𝑗 are the stiffness and x-coordinate of the primary suspension points, respectively, and 𝑥𝑏0 
is the x-coordinate of the bogie centre of mass. As a result of the load variation in Equation 
3.9 as well as the rotation of the bogie body, a vertical load variation is induced in each axle 
journal. This load variation can be written as shown in Equation 3.11.  
Δ𝑃𝑖𝑗 = 𝑘𝑖𝑗[±𝑓𝑧 + (𝑥𝑏𝑖𝑗 − 𝑥𝑏0)𝜑𝑦𝑏]    (3.11) 
(3.10) 
(3.9) 
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In this equation, 𝑓𝑧 is the vertical deflection of the axle suspension caused by Δ𝑃𝑐𝐼 and Δ𝑃𝑐𝐼𝐼. 
This value is equal and opposite for both bogies, and can be found using Equation 3.12, below. 
𝑓𝑧 =
Δ𝑃𝑐𝐼
4
=  −
Δ𝑃𝑐𝐼𝐼
4
 
With the assumption of elastic and geometric symmetry of the two bogies, the following 
relations can be determined: 
𝑥𝑏11 = 𝑥𝑏12 = 𝑥𝑏1 = 0, 𝑥𝑏21 = 𝑥𝑏22 = 𝑥𝑏2 = 𝑎𝑏 
𝑥𝑏31 = 𝑥𝑏32 = 𝑥𝑏3 = 0, 𝑥𝑏41 = 𝑥𝑏42 = 𝑥𝑏4 = 𝑎𝑏 
𝑥𝑏0 =
𝑎𝑏0
2
 , 𝑘𝑏𝑖𝑗 = 𝑘𝑏 , 𝑖 = 1, 2, 3, 4, 𝑗 = 1, 2 
where 𝑎𝑏  is the bogie wheelbase. The supplementary vertical loadings applied to the axle 
journal can then be written as shown in Equation 3.13a and Equation 3.13b for the front bogie, 
and Equation 3.13c and Equation 3.13d for the rear bogie.  
Δ𝑃11 = Δ𝑃12 = Δ𝑃1 = 𝑘𝑏[𝑓𝑧 + (𝑥𝑏1 − 𝑥𝑏0)𝜑𝑦𝑏] 
Δ𝑃21 = Δ𝑃22 = Δ𝑃2 = 𝑘𝑏[𝑓𝑧 + (𝑥𝑏2 − 𝑥𝑏0)𝜑𝑦𝑏] 
Δ𝑃31 = Δ𝑃32 = Δ𝑃3 = 𝑘𝑏[−𝑓𝑧 + (𝑥𝑏3 − 𝑥𝑏0)𝜑𝑦𝑏] 
Δ𝑃41 = Δ𝑃42 = Δ𝑃4 = 𝑘𝑏[−𝑓𝑧 + (𝑥𝑏4 − 𝑥𝑏0)𝜑𝑦𝑏] 
The derivation by Craciun, et al. (2015) is not continued further at this point, but the equations 
can be further simplified based on the assumptions and relations found during the derivation, 
in order to more clearly show the relevant vehicle parameters involved in load transfer. This 
simplification is shown below, resulting in Equation 3.14a, 3.14b, 3.14c, and 3.14d for the first 
and second bogie’s axle pairs, respectively. Note also that the model assumes the acceleration 
is a positive value when the vehicle is decelerating; this has been altered in the following 
equations such that decelerations are treated as negative accelerations in order to remain 
consistent with the prior modelling. 
Δ𝑃1 = −𝑘𝑏[𝑓𝑧 + (𝑥𝑏1 − 𝑥𝑏0)𝜑𝑦𝑏] 
(3.12) 
(3.13a) 
(3.13b) 
(3.13c) 
(3.13d) 
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= −𝑘𝑏 [
Δ𝑃𝑐𝐼
4𝑘𝑏
+
𝑎𝑏
2
𝑚𝑏?̈?(ℎ𝑏 − ℎ0) +
1
2 𝑚𝑐?̈?
(ℎ𝑐 − ℎ0)
4𝑘𝑏 (
𝑎𝑏
2 )
2  ] 
=
−Δ𝑃𝑐𝐼
4
+
𝑚𝑏?̈?(ℎ𝑏 − ℎ0) +
1
2 𝑚𝑐?̈?
(ℎ𝑐 − ℎ0)
−2𝑎𝑏
 
Δ𝑃1 =
−𝑚𝑐?̈?(ℎ𝑐 − ℎ𝑝)
4𝑎𝑣
+
𝑚𝑏?̈?(ℎ𝑏 − ℎ0) +
1
2 𝑚𝑐?̈?
(ℎ𝑐 − ℎ0)
−2𝑎𝑏
 
Similarly, 
Δ𝑃2 =
−𝑚𝑐?̈?(ℎ𝑐 − ℎ𝑝)
4𝑎𝑣
+
𝑚𝑏?̈?(ℎ𝑏 − ℎ0) +
1
2 𝑚𝑐?̈?
(ℎ𝑐 − ℎ0)
2𝑎𝑏
 
Δ𝑃3 =  −Δ𝑃2 
Δ𝑃4 =  −Δ𝑃1 
Based on Equations 3.14a, 3.14b, 3.14c, and 3.14d, it can be seen that the load transfer of an 
accelerating or braking vehicle is a function of only the vehicle geometry, mass, and the 
applied acceleration.  
3.2.3 Combined Bearing Loading Model 
To combine the above models, the accelerating/braking load transfer has been superimposed 
onto the loading determined by the cornering model. This results in a combined model that 
accounts for the wheel bearing load variation as determined by both the cornering and 
acceleration or braking models. 
  
(3.14b) 
(3.14c) 
(3.14d) 
(3.14a) 
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Chapter 4 – Results and Discussion 
The results from the conducted investigation are detailed in the following sections, including 
discussion as to the validity and significance of each. 
4.1 Railway Mapping and Obtained Radii 
Based on the obtained latitudes and longitudes shown in Figure 5, it can be seen that the initial 
data obtained from Google Earth approximates the Ipswich to Roma St line, at least visually. 
The resolution of this data could be improved at the cost of requiring far more time in the 
initial mapping stage, performed by hand. The mapping and radii calculation was 
accomplished with the MATLAB function reproduced as Appendix 1, using the initially 
obtained latitude and longitude co-ordinates as described in Chapter 3.1. 
For reference, the calculated length of each linear segment of track at each point along the 
line is shown as Figure 11.  
 
Figure 11 - Track Segment Length over Distance from Ipswich Station 
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The transformation into linear units, using Equations 3.1 and 3.2, and the associated method, 
resulted in the (x,y) co-ordinates shown in Figure 12. It was found that this method gave a 
total accumulated track length of 34.78km.  
 
Figure 12 - Ipswich to Roma St Station (x,y) Co-ordinates 
The obtained track radii along the Ipswich to Roma St rail section are shown as Figure 13. Note 
that a large radius can be approximated as a straight section; a plot of the radii smaller than 1 
kilometre is shown as Figure 14. Note that the smallest calculated radii are 12.2m and 23.04m, 
shown at 32.89km and 29.53km, respectively. Both of these occur on locations where the 
track passes through a switch section, and therefore changes lines rather quickly – it is not 
expected that the train will pass through these sections with great speed, but it is also likely 
that the estimated radius is smaller than the true radius a rail vehicle will traverse. There are 
a number of additional points of radius between 50 and 100m; these are not considered to 
accurately reflect the radius traversed by a rail vehicle, but show areas where the modelling 
resolution has magnified small errors in the track geographic co-ordinates. The model hasn’t 
been altered on the basis of these points alone. The majority of the modelled points are above 
150m; well above the documented minimum radius of 80m described by Wikipedia (2016). 
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Figure 13 - Calculated Turn Radius Along Ipswich to Roma St Rail Line 
 
Figure 14 - Calculated Turn Radius Along Ipswich to Roma St Rail Line Smaller Than 1km 
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4.2 Rail Velocity Development 
4.2.1 Accelerometer-Based Velocity Estimation 
Based on the method in Chapter 3.1.3.1, accelerometer data was gathered and filtered. Figure 
15 shows the raw acceleration data captured from this investigation, while Figure 16 shows 
only the y-direction data obtained. 
 
Figure 15 - Raw Accelerometer Data Captured 
Utilising the code shown in Appendix 2, the data was filtered according to the methods 
described in Chapter 3.1.3.1, and integrated to obtain velocity and displacement so as to 
validate the results. The obtained velocity evolution over time is shown as Figure 17, while the 
displacement data is shown as Figure 18. The full, three-directional velocity and displacement 
data obtained are shown as Appendix 3 and Appendix 4. 
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Figure 16 - Raw Accelerometer Data in y Direction Only 
 
Figure 17 - Resulting Velocity in y-Direction vs Time 
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Figure 18 - Resulting Displacement in y-Direction vs Time 
It can be easily seen that this data does not accurately reflect the expected velocity or 
displacement evolution over time. As part of the effort to identify the issue with this data, the 
filtering stage was modularly altered; for example, the no-movement condition was relaxed 
to observe the effects on the data, or the rolling average was taken over fewer points than 
the desired 20. None of these adjustments altered the outcome significantly; it was found that 
relaxing the filtering only increased the error within the data. 
These errors within the integration can be easily explained, after the fact, as an issue with the 
experimental design of simply capturing accelerometer data with no additional sensors or 
compensation for error. As a result, the types of errors documented in NovAtel Inc. (2014) 
were encountered; sensor bias and drift leading to linear errors in velocity, as well as quadratic 
errors in position. It can be clearly seen in the integrated data sets that these erroneous 
relationships exist and dominate the result. Based on these errors and the intensive time and 
cost required to resolve them, the accelerometer-based velocity estimation was not pursued 
further. 
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4.2.2 GPS-Based Velocity Estimation 
The GPS-Based velocity estimated was conducted in accordance with the method and input 
parameters described in Chaper 3.1.3.2. The resulting .kml files were loaded into Google Earth 
to verify the results visually through comparison with the previously-generated path 
representing the railway line; these results are shown in Figure 19 and Figure 20. 
It can be easily seen that there were significant deviations in the path obtained when travelling 
from Roma St to Ipswich (southbound), with slightly less major deviations in the Ipswich to 
Roma St (northbound) data capture. These differences could be attributed to the loosened 
accuracy requirement of the northbound, with only a within 100m accuracy required instead 
of the 60m accuracy of the southbound trial.  
 
Figure 19 - GPS-Captured Data (Red) Roma St to Ipswich vs Actual Rail Line (Blue) 
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Figure 20 - GPS Captured Data (Red) Ipswich to Roma St vs Actual Line (Blue) 
The data from the GPS data capture was the imported into a MATLAB workspace, titled 
MappingWorkspaceIpswichtoRomaSt.mat and MappingWorkspaceRomaSttoIpswich.mat for 
the northbound and southbound data captures, respectively. These workspaces contained the 
obtained measurements for time in seconds, accuracy, latitude, and longitude, stored as 
column vectors. From this point, the code shown in Appendix 5 was implemented to map the 
times to the nearest railway line path position, and compute the associated speed based on 
the track length between each reading (found from the “lengthacc” variable). The resulting 
velocity evolutions are shown in Figure 21 and Figure 22, which depict calculated northbound 
and southbound velocity evolutions, respectively. 
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Figure 21 - Velocity Evolution Based on GPS Co-ordinates (Northbound) 
 
Figure 22 - Velocity Evolution Based on GPS Co-ordinates (Southbound) 
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Based on the obtained data, it can be seen that again the velocity estimation in many points 
is erroneous. According to the Queensland Rail specifications for the IMU160, the top speed 
of this vehicle is 130km/hr, or approximately 36m/s (Queensland Rail Limited, 2016). It can be 
seen from Figure 21 and Figure 22 that this limit is exceeded in a number of places. 
Additionally, the velocity data doesn’t account for each railway stop correctly, reaching a 
velocity of zero only in some sections of the estimation. Finally, the data is discrete, jumping 
from one velocity estimation to another instantaneously, which wouldn’t be possible with the 
vehicle’s acceleration limits. Therefore, this data requires significant alteration to adhere to 
the possible train’s acceleration and top speed, as well as to include a stop at each train station 
along the route. 
The errors in this data are certainly a result of the difficulty associated with acquiring an 
accurate GPS fix on a moving train. It is proposed that the geometry of a railway, incorporating 
tunnels, trenches, etc., as well as the constantly-overhead interference due to electrical 
railway lines creates a highly non-ideal environment for satellite communications. It was 
observed during data capture that a high number of data points were discarded during 
collection; it is expected this observed phenomenon is due to the conditions mentioned 
above. If a GPS location measurement could be consistently obtained with a high level of 
accuracy, it is expected that this methodology could provide a robust analysis of a vehicle’s 
velocity evolution. The equipment used as part of this investigation, however, was unable to 
overcome this problem. 
4.2.3 Simulated Velocity Evolution 
According to the method described in Chapter 3.1.3.3, the train’s velocity evolution was 
simulated along the railway line. The MATLAB code shown in Appendix 6 was used to 
implement this method. Appendix 7 shows the geographic points of interest, as well as the 
associated speed limit, latitude, and longitude as determined via the obtained Network Route 
Maps provided by Queensland Rail (2016) and Google Maps. Note that the code utilises the 
realistic acceleration and deceleration of the vehicle as obtained in Chapter 4.2.1. Figure 23 
shows the obtained vehicle velocity evolution over track length, while Figure 24 shows this 
velocity evolution with a comparison to the determined speed limits for the analysis. 
36 
 
 
Figure 23 - Simulated Velocity Evolution over Ipswich to Roma St Railway Line 
 
Figure 24 - Simulated Velocity and Speed Limit over Ipswich to Roma St Railway Line 
In order to validate the above simulation, the obtained velocity was integrated to ensure that 
the final displacement reflected the calculated length of the line. To do so, the acceleration 
values over the simulation were determined and saved. From these accelerations, a matrix of 
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elapsed time was determined, which allowed the final integration to be performed. This was 
achieved using the code shown in Appendix 8. Figure 25 shows the vehicle accelerations 
applied over the velocity simulation, while Figure 26 shows the resulting displacement 
integration. It is noted that the final displacement is 34.78km, corresponding to the value 
determined for the total track length.  
 
Figure 25 - Simulated Vehicle Acceleration over Ipswich to Roma St Railway Line 
This simulated acceleration mostly corresponds to the determined maximum braking and 
acceleration values used to implement the velocity simulation. It is noted that at 2.95x104 
metres, the acceleration spikes such that the physical limits on acceleration of the given rail 
vehicle aren’t respected. This error is likely caused by the method of transformation used to 
convert speed limits to velocities, that has then propagated through the evaluation to the 
acceleration stage. The cause of the error wasn’t able to be determined, but based on the 
total displacement shown in Figure 26 aligning with the expected value correctly, it was 
considered that this erroneous value was not a major cause for concern for this investigation. 
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Figure 26 - Simulated Displacement over Ipswich to Roma St Railway Line 
The simulated velocity evolution reflects all the expected characteristics of a passenger train 
traversing the Ipswich to Roma St railway line. It can be seen from Figure 23 that all 23 railway 
stations along the line are respected, with the vehicle stopping at each. Furthermore, Figure 
24 shows that the speed limit is respected; it is noted that while this may not always be the 
case in a real-world scenario, it can be assumed that the speed limit will be a good 
approximation for the maximum rail vehicle velocity at any given point. The simulation doesn’t 
take into account the possibility of other services, such as express services or heavy freight, 
traversing the same railway line; this is an intended limitation on the scope of this 
investigation. Finally, the determined displacement along the line directly corresponds to the 
initially plotted length, indicating that this simulation is a valid approximation for a given 
vehicle’s velocity along the line. 
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4.3 Simulated Load Variation 
In order to simulate the load variation, the mass and geometric parameters of the rail vehicle 
needed to be determined. Based on the IMU160, one of Queensland Rail’s standard passenger 
vehicles, the input parameters were determined to be as shown in Table 2. 
Table 2 - Train Mass and Geometry Used in Simulation (Queensland Rail Limited, 2016) 
Vehicle Parameter Value 
Carriage Mass (kg) 17636 
Bogie Mass (kg) 4500 
Bogie Sprung Mass (kg) 2271 
Height to Carriage Centroid (From Track) (m)  2.08 
Height to Roll Centre (From Track) (m) 1.0 
Height to Bogie Centroid (From Track) (m) 0.8 
Wheel Diameter (m) 0.84 
Carriage Wheelbase (m) 17.0 
Bogie Wheelbase (m) 2.5 
Track Width (m) 1.067 
 
4.3.1 Cornering Model Load Variation 
The cornering load was simulated using the methodology described in Chapter 3.2.1; the 
MATLAB code used to implement this method is shown in Appendix 9. The cornering load 
itself was implemented as a separate function, shown as Appendix 10. The MATLAB code 
determines the angle of cant of the railway tracks sufficient to prevent vehicle rollover, then 
uses the previously determined track radius and vehicle speed to calculate the loading on the 
rail vehicle’s high and low rail bearings.  
The determined cant and angle of cant along the length of the Ipswich to Roma St line are 
shown as Figure 27. It can be seen from this figure that the points noted in Chapter 4.1 have 
a significantly large associated cant and cant angle. This is again due to the small radii 
determined for these points. These points are considered to be erroneous based on the 
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previously-mentioned reasoning; while they will continue to be used as part of the analysis, 
the resulting load variation will likely be far larger than would be reasonable. 
 
Figure 27 - Cant and Cant Angle over Ipswich to Roma St Railway Line 
The load variation obtained from the MATLAB simulation for the cornering model is shown in 
Figure 28. The variation in load has been plotted alongside determined track radius, in order 
to more easily see the correlation between the two. Figure 29 shows the same plot, zoomed 
in order to better show load variation and regions of low radius. 
41 
 
 
Figure 28 - High and Low Rail Bearing Load Variation Ipswich to Roma St 
 
Figure 29 - High and Low Rail Bearing Load Variation Ipswich to Roma St - Regions of Interest 
Figure 28 again shows the extremely high variation in loading associated with the previously 
discussed erroneous points, but it can be clearly seen from Figure 29 that a smaller turn radius 
corresponds with a relatively large load variation between the high and low bearings.  
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It can also be seen that the usual load, is 27.14kN. This directly approximates the calculated 
usual loading of 27.196kN, as determined in Chapter 3.2.3. This result supports the validity of 
the train parameters used from Table 2, as well as the adaptation of the cornering model. 
The results of this cornering model show that during normal operation the loading applied to 
the lower bearing can increase to as much as 32.32kN, a 19% increase. This is considering only 
the non-erroneous data points, as discussed previously. 
Note that the implementation of this simulation doesn’t account for the left or right-hand 
turning of the track, and therefore doesn’t assign a single bearing to be the high or low 
bearing. Since the model is assuming a worst-case loading, this is appropriate, but requires 
adaptation if a single bearing is to be analysed. 
4.3.2 Accelerating/Braking Model Load Variation 
The acceleration/braking model was developed utilising the method described in Chapter 
3.2.2. The implementation as MATLAB code is shown as Appendix 11. The model based on the 
work of Craciun, et al. (2015) was implemented as a separate function; the code for this 
function is shown as Appendix 12. The resulting load variation due to the vehicle’s acceleration 
and deceleration is shown as Figure 30. 
 
Figure 30 - Simulated Load Variation due to Acceleration and Deceleration over Track Length 
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Due to the erroneous point discussed as part of the acceleration analysis, the load variation 
just prior to 30km along the track jumps significantly. Other than this point, the modelling 
shows the load variation is as expected; when the vehicle is accelerating, the load on bearings 
3 and 4 (the rear bearings) is increased whilst the load on bearings 1 and 2 (the front bearings) 
is decreased. Figure 31 shows this relationship via a comparison between acceleration-
induced load variation, and applied acceleration. 
 
Figure 31 - Comparison of Acceleration-Induced Load Variation and Vehicle Acceleration 
The load shift varies instantaneously in the modelling; this is a product of the acceleration and 
modelling techniques used and is not necessarily a reflection of the behaviour of actual load 
shift, which would occur over some time. However, the modelled load variation maximum 
values give a good approximation of realistic maximum load variations, based on the 
modelling undertaken. 
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4.3.3 Combined Model Load Variation 
The method described in Chapter 3.2.3 was implemented using MATLAB; the associated code 
is shown in Appendix 13. The resulting combined dynamic load variation is shown as Figure 
32. Figure 33 and Figure 34 show zoomed plots of the areas of interest, for the high and low 
rail bearings, respectively. 
 
Figure 32 - Loading for all Vehicle Bearings Based on Combined Model over Track Length 
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Figure 33 - Loading for High-Rail Bearings Based on Combined Model over Track Length, Region of Interest Only 
 
Figure 34 - Loading for Low-Rail Bearings Based on Combined Model over Track Length, Region of Interest Only 
It can be seen from Figure 33 and Figure 34 that the effects of load variation due to cornering 
are generally minimal in comparison to the variation in loading caused by acceleration or 
braking as the rail vehicle navigates the given rail line. 
It is noted that the usual loading of a bearing was determined by this combined analysis to be 
approximately 27.2kN, while the load shift due to acceleration and braking shown in Figure 33 
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and Figure 34 can increase the bearing applied load to 31kN. This is an increase of 
approximately 14%, similar to the 19% maximum realistic load variation of the cornering load 
simulation. It is noted, however, that this 14% load increase tends to be sustained for longer 
periods of time, and is a consistent value. 
The load variation caused by acceleration and braking tends to be cyclical; a bearing loaded 
by acceleration will be subsequently unloaded by the inevitable deceleration. This may 
decrease wear somewhat proportionally to the inevitable increase caused by a higher loading. 
Since the initial wear analysis is based on an iterative, time-step based method, the period of 
time a bearing is exposed to a given load variation will be significant. The variation in loading 
of the low-rail bearings were plotted against time, shown in Figure 35, and again a region of 
interest is shown in Figure 36.  These figures show that the variation in loading caused by 
cornering tend to be applied for durations less than approximately 5 seconds; whereas the 
variations in load due to acceleration or braking can be applied for a period of between 2 and 
25 seconds, approximately.  
 
Figure 35 - Loading of Low-Rail Bearing Based on Combined Model over Time 
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Figure 36 - Loading of Low-Rail Bearing Based on Combined Model over Time, Region of Interest Only 
It is uncertain as to the exact effects of the loading time on wear development, but it can be 
seen that the variation in applied bearing loading is significant, and should be accounted for 
within the wear analysis. 
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Chapter 5: Findings and Recommendations 
5.1 Introduction 
This chapter concludes the project work undertaken in studying the effects of rail vehicle 
dynamics of applied bearing loads and wear. A summary of the research conducted, as well as 
recommendations for further work and study will be discussed. 
5.2 Project Summary 
This aim of this project was to determine and model the important parameters and scenarios 
associated with rail vehicle dynamics and subsequent load variations within normal operation. 
The aim and associated objectives have been achieved; a working MATLAB model has been 
developed that indicated load variation over the real Ipswich to Roma St Queensland Rail 
railway line. This simulation was based on prior and adapted models of rail vehicle dynamics, 
and is considered to reflect load variation to a high level of accuracy. 
Railway geometry was obtained via the use of Google Earth (Google, 2016); this allowed the 
estimation of the track turn radius at any given point on the line. The angle of cant of the track 
at any given point has been assumed to be sufficient to prevent vehicle rollover, with minimal 
cant deficiency at any point. Vehicle velocity at any given point along the railway line has been 
simulated based on the track speed limit and a “perfect driver” model, due to the limitations 
of the other modelling techniques used during the investigation. 
The dynamic model developed doesn’t account for internal or externally-applied vibrations or 
shock loading, but provides the bearing load variation as the vehicle navigates corners or 
undergoes an applied acceleration or braking force. The vehicle model is based on the IMU160 
vehicles used by Queensland Rail, but could be easily adapted to other vehicles, given known 
mass and geometry parameters. 
The resulting model of load variation has shown that the load applied at a given bearing can 
undergo significant variations of up to 19% on Brisbane’s Ipswich to Roma St railway line. It is 
expected that this value represents a good approximation of the variation in applied loading 
among many rail vehicles, although no other railway lines have been evaluated as part of this 
investigation. 
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The MATLAB model developed as part of this body of work is sufficiently adaptable so as to 
allow the investigation into the bearing load variations of any given railway line. 
5.3 Recommendations for Further Work 
Further work in the development of this modelling technique should include an improvement 
in the estimation of velocity evolution of a given rail vehicle. This may include an improved 
GPS-based velocity estimation, or the investigation into utilising an accelerometer-based 
approach. Additionally, a direct capture of the velocity of a rail vehicle conducted in 
conjunction with Queensland Rail is a suggested additional method to improve this estimation. 
The dynamic model can be improved by incorporating further dynamic scenarios, such as 
internal or externally-applied shocks and vibrations; this is considered an advanced approach 
and may not refine the model’s accuracy significantly, but could contribute to a more general 
model. 
It is recommended that the developed MATLAB code be used to model vehicle dynamics along 
additional railway lines, in order to make a comparison to the obtained load variation and 
better define its significance. 
The resulting load variations obtained from this model should be used as input loadings in a 
bearing wear analysis, to quantify the relationship between railway vehicle dynamics and 
developed wear, in order to allow the application of the results of this body of work to real-
world rail maintenance techniques. 
5.4 Conclusion 
An investigation into the variation of applied loading in rail vehicle bearings due to vehicle 
dynamics has been conducted, in order to develop an understanding of real load variation on 
bearing wear. The existing knowledge and progress in the field of rail vehicle dynamics has 
been synthesised into a cohesive mathematical model, that has been validated theoretically. 
Using both practical and computational methods, this model has been applied to a real-world 
section of rail track. This work is intended to help rail maintenance personnel develop more 
accurate estimations of spherical roller bearing wear as seen in rail transport vehicles. 
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Appendices 
Appendix 1: Rail Mapping and Turn Radius MATLAB Function 
function [xlist,ylist,lengthseg,lengthacc,turnrad] = 
latlongconvert(lat,long) 
%Using inputs of Latitude and Longitude (lat, long, respectively) maps the 
%rail line to x,y co-ordinates and determines approxmiate turn radii at 
each point 
%note: long is converted to x, lat to y 
if length(lat)~=length(long) 
    error('lat and long lists need to be the same length.') 
end 
  
[deltalong, deltalat, 
lengthseg,lengthacc,xlist,ylist,grads,cvals,intx,inty,radpair,turnrad] = 
deal(zeros(length(lat),1)); 
  
for i = 2:length(lat) 
    %co-ordinates to linear units 
    deltalong(i) = long(i)-long(i-1); 
    deltalat(i) = lat(i)-lat(i-1); 
    xlist(i) = deltalong(i).*abs(111412.84*cos(lat(i))-
93.5*cos(3*lat(i))+0.118*cos(5*lat(i)))+xlist(i-1); %list of x-co-ordinates 
of map points 
    ylist(i) = deltalat(i).*abs(111132.92-
559.82*cos(2*lat(i))+1.175*cos(4*lat(i))-0.0023*cos(6*lat(i)))+ylist(i-1); 
%list of y-co-ordinates of track points 
    lengthseg(i) = ((xlist(i)-xlist(i-1))^2+(ylist(i)-ylist(i-1))^2)^0.5; 
%Length of each segment of track 
    lengthacc(i) = lengthacc(i-1)+lengthseg(i); %Accumulated length of 
track at each point 
     
    %turn radii 
    grads(i) = (ylist(i)-ylist(i-1))/(xlist(i)-xlist(i-1)); 
    cvals(i) = ylist(i)+xlist(i)/grads(i); 
    intx(i) = (cvals(i)-cvals(i-1))/(grads(i)^-1-grads(i-1)^-1); 
    inty(i) = -intx(i)/grads(i)+cvals(i); 
    radpair(i) = ((xlist(i)-intx(i))^2+(ylist(i)-inty(i))^2)^0.5; 
    turnrad(i) = mean(radpair(i-1:i));    %Average turn radius at each 
point as calculated 
end 
  
end 
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Appendix 2: Accelerometer Data Integration MATLAB Code 
clear all 
load('IpswichtoRomaSt.mat') 
%loads the workspace "IpswichtoRomaSt.mat" that contains the column vector 
%variables as follows: 
%   "time" - accelerometer-recorded timesteps, starting from 0s 
%   "x_raw" - raw x-direction accelerometer data 
%   "y_raw" - raw y-direction accelerometer data 
%   "z_raw" - raw z-direction accelerometer data 
echo off; 
  
x_accel = x_raw; 
y_accel = y_raw; 
z_accel = z_raw; 
  
%Low pass filter using rolling average 
for i = 1:length(x_accel)-10; 
    x_accel(i)=mean(x_accel(i:i+10)); 
    y_accel(i)=mean(y_accel(i:i+10)); 
    z_accel(i)=mean(z_accel(i:i+10)); 
end 
  
%Calibration Adjustment 
%Initial Calibration Values 
cal_x = -0.024008525; 
cal_y = -0.001763001; 
cal_z = -0.229810742; 
  
%Rolling signal correction, and mechanical filtering 
for i = 1:length(x_accel) 
    %signal calibration 
    x_accel(i) = x_accel(i)-cal_x; 
    y_accel(i) = y_accel(i)-cal_y; 
    z_accel(i) = z_accel(i)-cal_z; 
    %Mechanical Filtering     
    if x_accel(i)<=0.05 & x_accel(i)>=-0.05 
            x_accel(i) = 0; 
    end 
    if y_accel(i)<=0.05 & y_accel(i)>=-0.05 
            y_accel(i) = 0; 
    end 
    if -0.05<=z_accel(i) & z_accel(i)<=0.05 
            z_accel(i) = 0; 
    end 
end 
  
accel = max(y_accel); 
decel = min(y_accel); 
  
%Integration for Velocity and displacement 
x_vel = [0]; 
y_vel = [0]; 
z_vel = [0]; 
x_disp = [0]; 
y_disp = [0]; 
z_disp = [0]; 
  
for i = 2:length(x_accel) 
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    if i>51 & x_accel(i-50:i)==0 
        x_vel(i) = x_vel(i-1); 
    else 
        x_vel(i) = x_vel(i-1)+(time(i)-time(i-1))*((x_accel(i)+x_accel(i-
1))/2); 
    end 
     
    if i>1001 & y_accel(i-50:i)==0 
        y_vel(i) = y_vel(i-1); 
    else 
        y_vel(i) = y_vel(i-1)+(time(i)-time(i-1))*((y_accel(i)+y_accel(i-
1))/2); 
    end 
     
    if i>1001 & z_accel(i-50:i)==0 
        z_vel(i) = z_vel(i-1); 
    else 
        z_vel(i) = z_vel(i-1)+(time(i)-time(i-1))*((z_accel(i)+z_accel(i-
1))/2); 
    end 
x_disp(i) = x_disp(i-1)+(time(i)-time(i-1))*((x_vel(i)+x_vel(i-1))/2); 
y_disp(i) = y_disp(i-1)+(time(i)-time(i-1))*((y_vel(i)+y_vel(i-1))/2); 
z_disp(i) = z_disp(i-1)+(time(i)-time(i-1))*((z_vel(i)+z_vel(i-1))/2); 
end 
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Appendix 3: 3-Axis Velocity Evolution as Integrated from 
Accelerometer Data 
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Appendix 4: 3-Axis Displacement Evolution as Integrated from 
Accelerometer Data 
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Appendix 5: GPS-Based Velocity Estimation MATLAB Code 
load MappingWorkspaceIpswichtoRomaSt.mat 
%Mapping Workspace for railway, contains the following important variables: 
%   "LatitudeGoogleMaps" - Latitude column vector for each point along 
%   railway line, as plotted on Google Maps. 
%   "LongitudeGoogleMaps" - as with LatitudeGoogleMaps but for longitude 
%   "latGPS" - GPS-Obtained Latitude Measurements column vector 
%   "lonGPS" - as latGPS, but for Longitude 
%   "timesecondsGPS" - GPS-Obtained time at each point as column vector 
%   "accuracyGPS" - GPS-Obtained Accuracy at each point 
[xlist,ylist,lengthseg,lengthacc,turnrad] = 
latlongconvert(LatitudeGoogleMaps,LongitudeGoogleMaps); 
  
%mapping time to position 
indices = zeros(length(lonGPS),1); 
for i = 1:length(lonGPS) 
   if accuracyGPS(i)<=80 
       dist = ((LongitudeGoogleMaps-lonGPS(i)).^2+(LatitudeGoogleMaps-
latGPS(i)).^2).^0.5; 
       [~, indices(i)] = min(abs(dist)); 
   end 
end 
  
%Finding average velocity along sections 
speeds = zeros(length(LongitudeGoogleMaps),1); 
for i = 1:length(indices)-1 
    if indices(i) ~= 0 && indices(i+1)~= 0 
        speeds(min(indices(i+1),indices(i)):max(indices(i+1),indices(i))) = 
... 
        abs((lengthacc(indices(i))-
lengthacc(indices(i+1)))/abs(timesecondsGPS(i+1)-timesecondsGPS(i))); 
    end 
end 
  
plot(lengthacc,speeds) 
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Appendix 6: Speed-Limit-Based Velocity Simulation MATLAB Code 
clear all 
close all 
load MappingWorkspaceIpswichtoRomaStR2.mat 
%Mapping Workspace for railway, contains the following important variables: 
%   "LatitudeDeg" - Contains the latitude of the Points of interest for 
Speed 
%   Limit-Based Velocity Estimation 
%   "LongitudeDeg" - as with LatitudeDeg, but longitude 
%   "SpeedLimitStraightIpswich" - Speed limits for each POI point above 
%   "LatitudeGoogleMaps" - Latitude column vector for each point along 
%   railway line, as plotted on Google Maps. 
%   "LongitudeGoogleMaps" - as with LatitudeGoogleMaps but for longitude 
[xlist,ylist,lengthseg,lengthacc,turnrad] = 
latlongconvert(LatitudeGoogleMaps,LongitudeGoogleMaps); 
  
%mapping speed limit changes to position 
indices = zeros(length(LongitudeDeg),1); 
for i = 1:length(LongitudeDeg) 
    [~, indices(i)] = min(abs(((LongitudeGoogleMaps-
LongitudeDeg(i)).^2+(LatitudeGoogleMaps-LatitudeDeg(i)).^2).^0.5)); 
end 
clear i 
  
speedlimit = zeros(length(SpeedLimitStraightIpswich),1); 
speedlimit(1) = 0; 
speedlimit(2:7) = 40/3.6; 
for i = 1:length(SpeedLimitStraightIpswich)-1 
    SpeedLimitStraightIpswich(i) = SpeedLimitStraightIpswich(i)/3.6; 
    speedlimit(indices(i):indices(i+1))=SpeedLimitStraightIpswich(i); 
end 
  
%applying stations using speed limit = 0 
for i = 1:length(SpeedLimitStraightIpswich) 
   if SpeedLimitStraightIpswich(i) == 0 
       speedlimit(indices(i))=0; 
   end 
end 
clear indices 
  
time = 0; 
a = 0.85;        %Reasonable acceleration based on experimental values 
%finding and correcting train velocity with a forward and then backward 
%pass 
velocity = speedlimit; 
for i = 1:length(velocity)-1 
   if velocity(i)<speedlimit(i+1) && 
((velocity(i)^2+2*a*abs(lengthacc(i+1)-lengthacc(i))))^0.5 < 
speedlimit(i+1) 
       velocity(i+1) = (velocity(i)^2+2*a*abs((lengthacc(i+1)-
lengthacc(i))))^0.5; 
   elseif velocity(i)>=speedlimit(i) 
       velocity(i)=speedlimit(i); 
   end 
end 
  
a = 1.1;        %Reasonable deceleration based on experimental values 
velocityflip = flipud(velocity); 
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speedlimitflip = flipud(speedlimit); 
lengthaccflip = flipud(lengthacc); 
for i = 1:length(velocityflip)-1 
   if velocityflip(i)<speedlimitflip(i+1) && ... 
           (velocityflip(i)^2+2*a*abs((lengthaccflip(i+1)-
lengthaccflip(i))))^0.5 < speedlimitflip(i+1) ... 
           && velocityflip(i+1)>=velocityflip(i) 
       velocityflip(i+1) = (velocityflip(i)^2+2*a*abs(lengthaccflip(i+1)-
lengthaccflip(i)))^0.5; 
   elseif velocityflip(i)>=speedlimitflip(i) 
       velocityflip(i)=speedlimitflip(i); 
   end 
end 
velocity = flipud(velocityflip); %Velocity evolution along track length 
clear speedlimitflip 
clear lengthaccflip 
clear velocityflip 
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Appendix 7: Speed Limit Points of Interest Geographic Data 
Landmark 
Speed Limit 
(Straight - 
Ipswich to 
Roma St 
(Northwards)) 
(km/h) Latitude (Deg) Longitude (Deg) 
IPSWICH STATION 40 -27.61263179 152.7655562 
Marsden Pde 80 -27.61344944 152.7633139 
Chermside Rd 60 -27.6117015 152.7702497 
EAST IPSWICH STATION 0 -27.60947307 152.7737673 
EAST IPSWICH STATION 90 -27.60947307 152.7737673 
Cook St 100 -27.61017656 152.7825577 
BOOVAL STATION 0 -27.6091164 152.7893193 
BOOVAL STATION 90 -27.6091164 152.7893193 
Bundamba ck 80 -27.60868977 152.7979035 
BUNDAMBA STATION 0 -27.60754667 152.8041093 
BUNDAMBA STATION 100 -27.60754667 152.8041093 
EBBW VALE STATION 0 -27.60344594 152.821507 
EBBW VALE STATION 100 -27.60344594 152.821507 
River Rd 80 -27.59731857 152.8315943 
DINMORE STATION 0 -27.59611333 152.8334394 
DINMORE STATION 80 -27.59611333 152.8334394 
Endeavour Rd 50 -27.5946615 152.8470328 
RIVERVIEW STATION 0 -27.59482766 152.8492685 
RIVERVIEW STATION 80 -27.59482766 152.8492685 
Redbank Yard 60 -27.60114192 152.8633059 
REDBANK STATION 0 -27.59970409 152.8715423 
REDBANK STATION 60 -27.59970409 152.8715423 
Francis St 70 -27.59859765 152.8789242 
Goodna Ck 80 -27.59900728 152.881649 
W251 curve 60 -27.59987922 152.8850823 
Post-W251 curve 80 -27.60224334 152.8885391 
GOODNA STATION 0 -27.60872335 152.9006859 
GOODNA STATION 60 -27.60872335 152.9006859 
Bertha St 80 -27.60886869 152.9031705 
Woogaroo Ck 70 -27.60869276 152.9064513 
Pre-W217 curve 80 -27.60875093 152.9079359 
GAILES STATION 0 -27.60272541 152.9185107 
GAILES STATION 80 -27.60272541 152.9185107 
WACOL STATION 0 -27.58891681 152.9244479 
WACOL STATION 80 -27.58891681 152.9244479 
Creek Creek 100 -27.58330725 152.9276072 
Wacol remand and reception 
centre 80 -27.57905799 152.9311196 
DA21 signals 60 -27.56868245 152.9470552 
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DARRA STATION 0 -27.56543184 152.951329 
DARRA STATION 80 -27.56543184 152.951329 
17 Mile Rocks Rd 60 -27.5545732 152.9737292 
OXLEY STATION 0 -27.55275164 152.9733648 
OXLEY STATION 60 -27.55275164 152.9733648 
Cliveden Ave. 80 -27.55035837 152.9765885 
Dunlop Tce 60 -27.54254001 152.9790424 
CORINDA STATION 0 -27.53984231 152.9799415 
CORINDA STATION 60 -27.53984231 152.9799415 
Quarry Rd 80 -27.53639882 152.9804257 
SHERWOOD STATION 0 -27.53148124 152.9791061 
SHERWOOD STATION 90 -27.53148124 152.9791061 
Long St 100 -27.5253234 152.9780482 
GRACEVILLE STATION 0 -27.52071462 152.976138 
GRACEVILLE STATION 100 -27.52071462 152.976138 
Halsbury St 90 -27.51354391 152.9729026 
CHELMER STATION 0 -27.51258591 152.9728764 
CHELMER STATION 80 -27.51258591 152.9728764 
Pre-Brisbane River 50 -27.50668348 152.9737407 
Post-Brisbane River 70 -27.50508595 152.9746161 
INDOOROOPILLY STATION 0 -27.50320706 152.9756302 
INDOOROOPILLY STATION 70 -27.50320706 152.9756302 
Allwood St. 80 -27.50015154 152.9766742 
Keating St. 50 -27.49923982 152.9766676 
Swann Rd 60 -27.49424283 152.9777406 
Post-Swann Rd Signals 80 -27.49424283 152.9777406 
TARINGA STATION 0 -27.49285739 152.9817001 
TARINGA STATION 100 -27.49285739 152.9817001 
Whitmore St. 90 -27.49077518 152.9869427 
Burns Rd. 50 -27.48854492 152.9897221 
High St 60 -27.48678397 152.9923655 
TOOWONG STATION 0 -27.48590273 152.9928105 
TOOWONG STATION 90 -27.48590273 152.9928105 
Dixon St 60 -27.47855627 152.9964629 
AUCHENFLOWER STATION 0 -27.47662516 152.9968345 
AUCHENFLOWER STATION 60 -27.47662516 152.9968345 
Cue St. 80 -27.47474436 152.9979146 
Park Rd. 50 -27.469588 153.0032487 
MILTON STATION 0 -27.4686877 153.0051397 
MILTON STATION 50 -27.4686877 153.0051397 
Boomerang St 60 -27.46742777 153.0103457 
Countess St 40 -27.46517079 153.0158528 
ROMA ST STATION 0 -27.46533158 153.0190666 
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Appendix 8: Simulated Velocity Validation MATLAB Code 
 
%Matrix of accelerations for braking/accelerating model and velocity 
%validation 
acceleration = zeros(length(speedlimit),1);  
for i = 1:length(velocity)-1 
    acceleration(i) = (velocity(i+1)^2-velocity(i)^2)/(2*(lengthacc(i+1)-
lengthacc(i))); 
end 
  
%Obtaining time matrix for each velocity 
for i = 2:length(velocity) 
    if velocity(i)~=velocity(i-1) 
        time(i) = time(i-1) + abs((velocity(i)-velocity(i-
1))/acceleration(i-1)); 
    elseif velocity(i)~=0 
        time(i) = time(i-1) + abs((lengthacc(i)-lengthacc(i-
1))/velocity(i)); 
    end 
end 
  
%integrate velocity for displacement as a check 
displacement = 0; 
for i = 2:length(velocity) 
    displacement(i) = displacement(i-1) + (velocity(i)+velocity(i-
1))/2*(time(i)-time(i-1)); 
end 
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Appendix 9: Cornering Load Evaluation MATLAB Code 
%Determining angle of cant and then vehicle loading due to cornering 
G = 1.067;      %Track gauge, m 
for i = 1:length(velocity) 
    cant(i) = G*velocity(i)^2/9.81/turnrad(i); 
    if isnan(cant(i)) 
        cant(i) = 0; 
    end 
    if cant(i)>1 
        cant(i) = 1; 
    end 
    cantangle(i) = asin(cant(i)/G); 
    [P_l(i) P_h(i)] = cornering_load(turnrad(i), velocity(i), 
cantangle(i)); 
end 
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Appendix 10: Cornering Load MATLAB Function 
function [P_l, P_h] = cornering_load(r, v, beta) 
%{ 
Calculates the high/low load on the train's bearings when navigating a 
corner of radius, r (metres), at velocity, v (m/s), of cant angle beta 
(rads).  
Note train specs are defined within this function. Note also small angle 
approximation of beta has been used in the derivation of alpha. 
%} 
  
g = 9.81;               %gravitational acceleration, m/s^2 
h_w = 1.08;             %wagon height measured from roll centre, m 
h_rc = 1-0.420;         %height to the roll centre from the bearings, m 
h_b = 0.8-0.420;        %bogie height measured from the bearings, m 
k_roll = 10e5;          %rotational spring coefficient between wagon and 
bogie, N/m (approximate) 
w = 1.067;              %track width, measured from load-bearing points, m 
- Note standard narrow gauge has been used as QLD's most common 
  
m_w = 17636;            %mass of the wagon, kg 
m_b = 4500;             %mass of the WHOLE bogie, kg 
m_t = m_w+m_b;          %mass of the train, kg, based on IMU160 carriage 
  
%compute alpha; note small angle approximation has been used in the 
%derivation of this value 
alpha = (g*h_w*beta-v^2*h_w/r)/(g*h_w-k_roll/m_w); 
  
P_h = ((m_t*g/2+(m_w*(h_rc+h_w)+m_b*h_b)*v^2/r/w)*cos(beta)+... 
    (m_t*v^2/2/r-(m_w*(h_rc+h_w)+m_b*h_b)*g/w)*sin(beta)+k_roll*alpha/w)/4; 
P_l = ((m_t*g/2-(m_w*(h_rc+h_w)+m_b*h_b)*v^2/r/w)*cos(beta)+... 
    (m_t*v^2/2/r+(m_w*(h_rc+h_w)+m_b*h_b)*g/w)*sin(beta)-k_roll*alpha/w)/4; 
end 
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Appendix 11: Accelerating/Braking Model MATLAB Code 
Implementation 
 
%load variation - acceleration/braking 
for i = 1:length(acceleration) 
    [dP1(i),dP2(i),dP3(i),dP4(i)] = 
AccelerationBrakingModel(acceleration(i)); 
end 
 
Appendix 12: Accelerating/Braking Model MATLAB Function 
function [dP1,dP2,dP3,dP4] = AccelerationBrakingModel(accel) 
%acceleration/braking load shift simulation based on the work of Craciun 
%dP1, dP2, dP3, dP4 are increased/decreased loading caused by acceleration 
%at each of the vehicle's first, second, third, and fourth bearings in the 
%direction of travel, respectively 
  
m_c = 17636; %mass of the train carriage, kg 
m_b = 2271; %mass of SPRUNG PART OF bogie, kg 
h_c = 2.08; %height to the train carriage centroid, m 
h_p = 1; %height of vehicle-bogie connection point, m 
h_b = 0.8; %height of the bogie centroid, m 
h_0 = 0.42; %height of the axle-box, m 
a_v = 17; %carriage wheelbase (to bogie connection points), m 
a_b = 2.5; %bogie wheelbase, m 
  
% accel = 1.0447; %acceleration of the train, m/s 
  
% deltaPcI = m_c*accel*(h_c-h_p)/a_v; 
  
dP1 = -(m_c*accel*(h_c-h_p)/a_v/4+(m_b*accel*(h_b-h_0)+0.5*m_c*accel*(h_c-
h_0))/2/a_b); 
dP2 = -(m_c*accel*(h_c-h_p)/a_v/4+(m_b*accel*(h_b-h_0)+0.5*m_c*accel*(h_c-
h_0))/-2/a_b); 
dP3 = -dP2; 
dP4 = -dP1; 
end 
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Appendix 13: Combined Load Variation MATLAB Code 
%Combined Model for total Load Variation 
for i = 1:length(P_l) 
    P_L_1(i) = P_l(i)+dP1(i); 
    P_L_2(i) = P_l(i)+dP2(i); 
    P_L_3(i) = P_l(i)+dP3(i); 
    P_L_4(i) = P_l(i)+dP4(i); 
     
    P_H_1(i) = P_h(i)+dP1(i); 
    P_H_2(i) = P_h(i)+dP2(i); 
    P_H_3(i) = P_h(i)+dP3(i); 
    P_H_4(i) = P_h(i)+dP4(i); 
end 
 
